Photoinhibition of photosystem II was studied in vivo with bean (Phaseolus vulgaris) plants grown in the presence of 0.3 (control), 4, or 15 m Cu 2ϩ . Although photoinhibition, measured in the presence of lincomycin to block concurrent recovery, is faster in leaves of Cu 2ϩ -treated plants than in control leaves, thylakoids isolated from Cu-treated plants did not show high sensitivity to photoinhibition. Direct effects of excess Cu 2ϩ on chloroplast metabolism are actually unlikely, because the Cu concentration of chloroplasts of Cu-treated plants was lower than that of their leaves. Excess Cu in the growth medium did not cause severe oxidative stress, collapse of antioxidative defenses, or loss of photoprotection. Thus, these hypothetical effects can be eliminated as causes for Cu-enhanced photoinhibition in intact leaves. However, Cu treatment lowered the leaf chlorophyll (Chl) concentration and reduced the thylakoid membrane network. The loss of Chl and sensitivity to photoinhibition could be overcome by adding excess Fe together with excess Cu to the growth medium. The addition of Fe lowered the Cu 2ϩ concentration of the leaves, suggesting that Cu outcompetes Fe in Fe uptake. We suggest that the reduction of leaf Chl concentration, caused by the Cu-induced iron deficiency, causes the high photosensitivity of photosystem II in Cu 2ϩ -treated plants. A causal relationship between the susceptibility to photoinhibition and the leaf optical density was established in several plant species. Plant species adapted to high-light habitats apparently benefit from thick leaves because the rate of photoinhibition is directly proportional to light intensity, but photosynthesis becomes saturated by moderate light.
Cu is an essential trace element for all higher plants, and has several roles in metabolic processes in plants (Maksymiec, 1997) . In chloroplasts, Cu is needed as a cofactor of plastocyanin (Lolkema and Vooijs, 1986; Raven et al., 1999) . Micromolar concentrations of Cu in growth medium, corresponding to 20 to 30 g of Cu 1 mg Ϫ1 dry weight of leaf tissue, are toxic to most plants (Ouzounidou et al., 1992) . The mechanism of Cu toxicity to photosynthetic electron transport has been widely studied in vitro, and inhibition of the donor and acceptor side of photosystem II (PSII) have been suggested (Mohanty et al., 1989; Schrö der et al., 1994; Jegerschö ld et al., 1995; Yruela et al., 1996a) . Cu 2ϩ has been shown to increase susceptibility to photoinhibition in vitro using isolated thylakoids (Cedeno-Maldonado and Swader, 1972; Pätsikkä et al., 2001) or PSII particles (Jegerschö ld et al., 1995; Yruela et al., 1996b) . Excess Cu-induced susceptibility to photoinhibition is particularly severe in intact leaves (Pätsikkä et al., 1998) , but the underlying mechanism has remained unclear. Reduction of chlorophyll (Chl) concentration (Baszyñ ski et al., 1988; Lidon and Henriques, 1991; Pätsikkä et al., 1998; Quartacci et al., 2000) has been observed to accompany Cu excess concomitant with ultrastructural changes in chloroplasts, such as reduction of thylakoid membranes (Elefteriou and Karataglis, 1989) . Excess Cu may interfere with the biosynthesis of the photosynthetic machinery and may modify the pigment and protein components of photosynthetic membranes (Lidon and Henriques, 1991; Maksymiec et al., 1994) . Cu-induced lipid peroxidation has also been suggested to be the reason for the membrane degeneration (Luna et al., 1994; Gallego et al., 1996) .
In the present study, we addressed the question of why does an excess of Cu 2ϩ , supplied in plant growth medium, so efficiently enhance photoinhibition determined in the presence of lincomycin in vivo. We conclude that the primary effect of Cu 2ϩ is simply a decrease in the Chl concentration of leaves, and that the reduced screening by Chl makes the leaves more susceptible to photoinhibition. The results show that changes in the Chl concentration of leaves must always be taken into account when measuring the effects of various stress conditions or transgenes on the susceptibility of plants to photoinhibition.
RESULTS

Photoinhibition of Thylakoids Isolated from Control and Cu-Treated Plants
We have previously shown that the presence of 15 m Cu 2ϩ in the growth medium of bean (Phaseolus vulgaris) plants increases the reaction rate constant of photoinhibition (k PI ) from the control value of 0.25 to 0.92 h Ϫ1 when measured from intact leaves illuminated in the presence of lincomycin (Pätsikkä et al., 1998) . To localize the reason for this higher photosensitivity, we illuminated thylakoids isolated from control and Cu-treated plants with strong light, at the photosynthetic photon flux density (PPFD) of 1,000 or 2,000 mol m Ϫ2 s Ϫ1 , as indicated. Figure 1 shows that photoinhibition proceeded at exactly the same rate in thylakoids isolated from Cu-treated and control plants. The lack of sensitivity to photoinhibition in the thylakoids isolated from the Cu-treated plants prompted us to measure the Cu 2ϩ concentration of intact chloroplasts isolated from Cu 2ϩ -treated and control leaves to see whether our thylakoid isolation procedure washes off Cu 2ϩ that is free in stroma or bound to thylakoids in vivo. The results (Table I) show that when plants were grown in the presence of excess Cu 2ϩ , the Cu 2ϩ :PSII ratio of chloroplasts increased less than the overall Cu 2ϩ :PSII ratio calculated from the Cu 2ϩ concentration of the whole leaves, indicating that Cu 2ϩ did not specifically accumulate in the chloroplasts. Because ion transport through the chloroplast envelope is an active process, we find it unlikely that leakage of Cu from chloroplasts to the medium during the isolation could explain the low Cu content of the chloroplasts. The measured Cu 2ϩ :PSII ratio of the chloroplasts was so low that it would have virtually no effect on photoinhibition in isolated thylakoids (Pätsikkä et al., 2001) . The fact that the in vivo effect is a 3.7-fold increase in k PI (Pätsikkä et al., 1998) indicates that the high photosensitivity of PSII in Cu 2ϩ -treated plants is caused by indirect effects of Cu 2ϩ .
Cu
2؉ Induces Moderate Oxidative Stress
As Cu is known to cause alteration of the lipid composition and is suggested to mediate oxidative stress in plants, we checked if the in vivo photoinhibition was due to increased oxidation of cellular components. We looked for signs of Cu-induced oxidation in proteins and lipids, and for changes in the reduction state of glutathione, a major reductant of plant leaves. All three assays pointed to distinct but only moderate oxidative stress due to growth at excess Cu 2ϩ . Little if any increase in the number of carbonyl groups in thylakoid proteins was seen in plants grown in the presence of excess Cu 2ϩ in the growth medium compared with control plants (Fig.  2A) . MDA, a product of lipid peroxidation, showed a slight increase when measured from thylakoids isolated from Cu 2ϩ -treated plants (Fig. 2B) . The MDA measurement assumes that the Chl:lipid ratio does not change due to the Cu treatments, and therefore, the MDA values represent an upper limit for the Cu-treated plants. Moreover, when the MDA concentration was calculated against thylakoid protein concentration, the increasing trend disappeared (data not shown), suggesting that the increase in lipid peroxidation is small in the Cu-treated plants. The total glutathione concentration of the leaf tissue increased (Fig. 2C ), but the ratio of reduced to oxidized glutathione (GSH:GSSG) decreased considerably (Fig. 2D ).
Excess Cu 2؉ Does Not Collapse Antioxidative Defense or Affect Photoprotection
A possible reason for symptoms of oxidative stress might be that Cu 2ϩ greatly reduces the efficiency of antioxidative defense. A collapse of antioxidative defense might also sensitize PSII to photoinhibition. We first explored this possibility by measuring the activities of three major antioxidative enzymes, superoxide dismutase (SOD), ascorbate peroxidase (APX), and glutathione reductase (GR). Growth in the presence of excess Cu 2ϩ caused a slight decrease in SOD activity, whereas GR activity increased and APX activity remained at the same level as in control leaves (Fig. 3A) . These results reveal that the presence of excess Cu 2ϩ in growth medium did not caused a collapse of the antioxidative defense system and Cu 2ϩ did not induce a strong activation of antioxidative enzymes.
Because changes in the biochemical defense mechanisms apparently did not explain the effect of Cu 2ϩ on susceptibility to photoinhibition in vivo, we next turned to a biophysical mechanism attributed to protection of PSII against high light. The coefficient of nonphotochemical quenching of Chl fluorescence (q N ) is an indicator of the efficiency by which excitation energy is converted to heat. The results (Fig. 3B) show that the Cu 2ϩ treatment did not affect q N measured between PPFD values of 20 and 2,000 mol m Ϫ2 s Ϫ1 . The NPQ parameter that can be measured without measuring the light-induced value of initial fluorescence (F 0 ') showed an identical light-intensity dependence as q N in control and Cu-treated plants, but with the higher amplitude of 0.04 to 2.5 (data not shown). Furthermore, the q Q parameter, indicating the efficiency by which light absorbed by PSII is dissipated by photosynthesis, was also insensitive to growth under excess Cu 2ϩ (Fig. 3B ).
Chl Concentration and Chloroplast Ultrastructure
Because oxidative stress apparently did not provide an explanation for the increased photosensitivity of PSII in Cu 2ϩ -treated plants, we next investigated structural changes in chloroplasts. The Chl concentration of the leaves was lowered by the Cu 2ϩ treatment, together with an increase in the Chl a:b ratio (Table I) . Electron micrographs from leaves of plants grown at 0.3 (control), 4, and 15 m Cu 2ϩ (Fig.  4) show that the lowered Chl concentration was accompanied by a reduction of the thylakoid membrane structure in plants grown in the presence of excess Cu (Fig. 4) .
Cu
2؉ Predisposes Leaves to Photoinhibition through Reduction of Chl Concentration
The direct proportionality between k PI and light intensity (Tyystjärvi and Aro, 1996) implies that photoinhibition is slow in optically thick samples, and in vitro experiments with isolated thylakoids show that the attenuation of light by sample absorption lowers k PI , according to the Lambert-Beer law (Pätsikkä et al., 2001) . A similar dependence of k PI on Chl concentration was found in vivo by measuring k PI in six different plant species, all collected from an open habitat, exhibiting 4-fold variation of Chl concentration per leaf area (Fig. 5 , white symbols). Furthermore, the k PI values measured from Cu-treated bean leaves (Fig. 5 , black symbols) fall on the same curve, indicating that the reduced Chl concentration of the Cu-treated plants fully explains the Cu-induced increase in k PI .
Excess Cu in the Growth Medium Causes Fe Deficiency in Bean Leaves
One mechanism by which excess Cu 2ϩ decreases the leaf Chl concentration is competition between Fe and Cu in the roots. Analysis of basic elements of bean plants grown for 2 weeks in the presence of 4 m Cu 2 revealed that the 5-fold increase in the leaf Cu concentration was accompanied by 4-fold decrease in their Fe concentration (Table II) . In a separate experiment, we added excess Cu (4 m) and 4.5-fold excess of Fe (113 m) to the hydroponic medium. After the 2-week growth in this medium, the concentrations of Cu and Fe were measured from the leaves, and k PI was determined by illuminating the leaves at 1,000 mol m Ϫ2 s Ϫ1 in the presence of lincomycin. The Fe addition did return the k PI value close to the control level, the leaves appeared green (Table  II) , and the leaf Fe concentration increased considerably. The Cu concentration of these plants was still higher than in control plants, but lower than in plants treated with excess Cu alone.
DISCUSSION
Excess Cu
2ϩ causes an elevated susceptibility to photoinhibition of PSII in vitro and in vivo (Jegerschö ld et al., 1995; Pätsikkä et al., 1998 Pätsikkä et al., , 2001 , but the molecular basis of the increased photosensitivity has remained unclear. It has long been known that high concentrations of Cu 2ϩ , when added to the incubation medium of isolated thylakoids, inhibit PSII electron transfer activity on the acceptor side (Yruela et al., 1996) and finally cause the release of the external polypeptides of the oxygen-evolving complex on the donor side of PSII (Arellano et al., 1995; Jegerschö ld et al., 1995; Yruela et al., 2000; Pätsikkä et al., 2001) .
The Cu 2ϩ :PSII ratio measured from chloroplasts of plants grown hydroponically at the toxic concentration of 4 m Cu 2ϩ was only twice as high as that of control leaves (Table I) , corroborating the earlier finding that excess Cu does not specifically accumulate in chloroplasts (Lolkema and Vooijs, 1986; Baszyñ ski et al., 1988; Quartacci et al., 2000) . Strict regulation of metal transport is a crucial factor of heavy metal tolerance in plants (Hall, 2002) , and the small increase in the Cu 2ϩ concentration of the chloroplast compartment suggests that Cu transport is a highly regulated process even in plants suffering from excess Cu 2ϩ . Although Cu-treated plants are more susceptible to photoinhibition than control plants (Pätsikkä et al., 1998) , the Cu concentrations measured from chloroplasts of Cu-treated plants are below the concentration range required to predispose isolated thylakoids to photoinhibition in vitro. Thylakoids isolated from leaves of Cu 2ϩ -treated plants, whose PSII is highly sensitive to photoinhibition in vivo (Pätsikkä et al., 1998) , were found to be equally resistant to high light as control thylakoids (Fig. 1) . These data indicate that the mechanisms by which high Cu concentrations induce photosensitivity of PSII in vitro are of little importance in vivo.
The present study aimed at solving the mechanism of the Cu 2ϩ -induced enhancement of photoinhibition in vivo. Cu 2ϩ is often reported to cause oxidative stress in plants (Weckx and Clijsters, 1996; NavariIzzo et al., 1998; Gupta et al., 1999) , and PSII is a possible target for inhibition by reactive oxygen species. In particular, PSII is sensitive to exogenously generated singlet oxygen ( 1 O 2 ; Knox and Dodge, 1985; Kim et al., 1993) . Thus, it is conceivable that a production of 1 O 2 by a hypothetical Cu 2ϩ -dependent mechanism outside of PSII might simultaneously cause specific inhibition of PSII and severe general symptoms of oxidative stress in other parts of the plant leaf. We looked for such symptoms in thylakoid proteins and lipids, and we found signs of enhanced activity of reactive oxygen (Fig. 2) . However, these signs were far too mild to account for the 4-fold increase of the susceptibility to photoinhibition in these Cu-treated plants. Furthermore, analysis of biochemical and biophysical antioxidative defense (Figs. 2 and 3) shows that these defense systems were in good shape in plants after 2 weeks of growth with excess Cu 2ϩ . The increased glutathione concentration (Fig. 2C) is apparently a response to oxidative stress or directly to heavy metal excess (Alscher, 1989; Xiang and Oliver, 1998; Cuypers et al., 2000) . Cu may oxidize sulfhydryl groups of proteins, and the conversion of GSH to GSSG drives the re-reduction of these groups (Uribe and Stark, 1982; Demidchik et al., 1997) . The Cu-induced increase in total glutathione (Fig. 2C) may be caused by a feedback mechanism triggered by the thereby lowered GSH:GSSG ratio.
The failure to explain the Cu 2ϩ effect on photoinhibition solely with oxidative stress or antioxidative defense mechanisms prompted us to explore the possibility that the Cu 2ϩ -induced enhancement of photoinhibition in vivo is mediated through Cu-induced interference in chloroplast development. The reduction in leaf Chl concentration (Table I ) was most probably caused by the Cu-mediated Fe deficiency as the Fe concentration of the leaves decreased with increasing Cu 2ϩ concentrations (Table II) . Moreover, the amelioration of the effects of excess Cu 2ϩ by excess Fe 2ϩ in the growth medium (Table II) suggests that Cu 2ϩ and Fe 2ϩ compete in ion uptake and in metabolic processes of the leaf (Schmidt et al., 1997 ). This conclusion gets further support from the results of Ouzounidou et al. (1998) , who showed that the toxic effects of Cu to photosynthesis are reduced considerably with simultaneous high concentration of Fe inside the leaf, due to antagonist interaction between Cu and Fe.
Mechanisms by which excess concentrations of other heavy metals inhibit Fe uptake have been studied earlier (Wallace et al., 1992; Sárvári et al., 1999) . To be specific, Fe(III) and Cu(II) reductase activities in root cell plasma membranes are induced by Fe and Cu deficiency (Welch et al., 1993) , suggesting that the uptake of these two metals may use partially common pathways. The reductase catalyzes a key step in Fe uptake in dicots (Schmidt, 1999) . Fe deficiency also leads to an increase in Cu and Mn content of pea (Pisum sativum) leaves (Iturbe-Ormaetxe et al., 1995).
Excess heavy metals cause similar symptoms in chloroplast ultrastructure (decrease in grana and stroma thylakoids per chloroplast) as Fe deficiency (Spiller and Terry, 1980; Taylor and Foy, 1985; Ouzounidou et al., 1992) . Fe is needed in biosynthesis 
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of Chl, and symptoms of Fe deficiency include diminished Chl concentration of leaves, increased Chl a:b ratio, and decreased photosynthetic activity (Abadía et al., 1989; Ouzounidou et al., 1992; Fodor et al., 1995) . These features are also apparent in bean plants grown in the presence of excess Cu 2ϩ (Table I; Figs. 1 and 4), suggesting that these symptoms may actually have been caused by Fe deficiency, although our data cannot exclude additional influence of excess Cu. Fe deficiency does not seem to affect the efficiency of the photosystems, but instead lowers photosynthetic performance by decreasing the number of photosynthetic units per leaf area (Spiller and Terry, 1980; Abadía et al., 2000; Morales et al., 2000) . The reduction of the grana structure (Fig. 4) is consistent with the increased Chl a:b ratio and may indicate that synthesis of the photosystem cores takes metabolic preference over the synthesis of the light-harvesting complex II. Figure 6 summarizes the effect of excess Cu on photoinhibition in vivo.
Fe deficiency may not cause oxidative stress, although the activities of antioxidative enzymes are low in Fe-depleted plants (Iturbe-Ormaetxe et al., 1995) . We suggest that the symptoms of oxidative stress observed in the Cu-treated plants are mainly caused by the presence of toxic amounts of Cu in the leaves.
The finding that leaves with less Chl are more susceptible to photoinhibition may seem surprising at first sight, but the theory of the relationship between Chl concentration and photoinhibition is straightforward. The rate constant k PI is directly proportional to light intensity (Jones and Kok, 1966; Tyystjärvi and Aro, 1996) , implying that the probability of a given PSII unit to lose its activity in unit time depends on the rate of photon absorption by the photoreceptor(s) of photoinhibition belonging to that particular PSII. In general, the fraction of incident light (I 0 ) caught by one absorbing molecule is curvilinearly related to the optical thickness of the sample. For example, if an optically thick sample already absorbs 99% of incident light, an increase in the concentration of the sample cannot cause more than 1% increase in the number of quanta absorbed. According to the Lambert-Beer law, the total intensity absorbed is I 0 (1 Ϫ e Ϫc ), where the constant c is a function of the composition and thickness of the sample. The numerical value of c is directly proportional to concentration (approximately the number of absorbing molecules). Because the average intensity absorbed by one absorber is proportional to total absorption divided by the number of absorbers, k PI follows the equation:
where k PI 0 is the limiting value of k PI when the optical density of the sample approaches zero. The result is valid irrespective of the identity of the photoreceptor, provided that the dilution of the sample does not involve major changes in the pigment ratios. We have earlier demonstrated that photoinhibition of isolated thylakoids shows a perfect fit to Equation 1 (Pätsikkä et al., 2001) , and the present study shows that the prediction holds for intact leaves, too (Fig. 5) . The direct proportionality between k PI and light intensity ensures that Equation 1 is valid in spite of the steep light intensity gradient in a leaf. The chlorotic leaves of Cu-treated plants are more susceptible to photoinhibition than control leaves, but such a difference disappears when thylakoids isolated from the Cu 2ϩ -treated and control leaves are illuminated at the same Chl concentration. Thus, although the chlorosis caused by Fe deficiency drastically enhances susceptibility to photoinhibition in plants grown with excess Cu 2ϩ , Cu does not play any direct role in the light tolerance of PSII in vivo.
It should be noted that the susceptibility to photoinhibition, measured in the presence of lincomycin, is only one parameter defining the photosensitivity of the photosynthetic machinery in natural conditions. In particular, the efficiency by which the photoinhibitory damage is repaired is of great importance (Tyystjärvi et al., 1992) . Exposure to intense light during Fe deficiency may also trigger photoprotective responses (Morales et al., 2000) .
Leaf Chl concentration has a crucial role for the susceptibility of the leaves to photoinhibition, implying that Chl concentration should always be taken into account when effects of mutation, chemical treatment, environmental condition or plant developmen- tal stage on photoinhibition of intact leaves are under study. Consequences of a simple photochemical law may often explain experimental results more adequately than complicated physiological arguments. Furthermore, it is well known that the thickness of plant leaves tends to increase with increasing irradiance of the habitat (Lambers et al., 1998) . We suggest that protection against photoinhibition is an important ecophysiological factor affecting the thickness of plant leaves. A plant growing in a sunny habitat benefits from thick leaves not only because they can store more water, but also because thick leaves offer protection against photoinhibition.
MATERIALS AND METHODS
Bean (Phaseolus vulgaris) Plants
Bean plants (cv Dufrix) were grown in the absence or presence of added CuSO 4 ⅐ 5H 2 O at final concentrations of 4 and 15 m in hydroponic culture as described by Pätsikkä et al. (1998) . The full-strength Hoagland medium was buffered by the addition of 2 mm MES-KOH, pH 5.5. The micromolar concentrations of the trace elements were 18 (Cl), 9 (Mn), 0.3 (Cu), 0.8 (Zn), 46 (B), and 0.1 (Mo). Fe was added from freshly made solution to reach the final concentration of 25 m (or 113 m, as indicated) FeSO 4 ⅐ 7H 2 O in the growth medium. Three to five leaf discs (10 cm 2 ) collected from the first trifoliate leaves of 4-week-old bean plants were pooled for each enzyme or metabolite determination. Immediately after termination of the light treatment, the thylakoids were isolated as described by Pätsikkä et al. (1998) .
Photoinhibition Treatments
In vitro photoinhibition of isolated thylakoids was measured as described by Pätsikkä et al. (1998) . Before all in vivo photoinhibition treatments, the harvested bean leaves were kept for 3 h under dim light with the petioles in lincomycin solution (1 g L Ϫ1 ) to inhibit chloroplast protein synthesis. Before illumination, in the middle and at the end of appropriate illumination period, thylakoids were isolated from part of the leaf material, and oxygen evolution was immediately measured from these thylakoids. The k PI was calculated by fitting of the loss of oxygen evolution to the first-order reaction equation.
The plant material used for the determination of the relationship between k PI and the Chl concentration of the leaves was collected from an open habitat, where light conditions were relatively uniform, and thus, the differences in leaf Chl concentration reflect morphological differences between the species, not adaptations to sun or shade. Before the experiments, the plants or attached leaves were kept in the dark for 24 h to reduce the starch content. Whole individuals of white mustard (S. alba), garlic mustard (A. petiolata), greater plantain (P. major), and lady's mantle (A. vulgaris) were taken to the laboratory and darkened there, whereas leaves of large-leaved lime (T. platyphyllos) and horse chestnut (A. hippocastaneum) were darkened in situ by covering lower branches of these trees with a black veil. After the dark treatment, the leaves were detached, lincomycin treated, and then illuminated in white light using a 1,200-W daylight lamp at the PPFD of 1,500 mol m Ϫ2 s Ϫ1 at 20°C, and samples for thylakoid isolation were cut after 0, 1.5, and 3 h of illumination.
Determination of GSH and GSSG
Five leaf discs were thoroughly homogenized in liquid nitrogen, and 5 mL of 0.15% (w/v) sodium ascorbate solution was added (Grill et al., 1979) . The homogenate was filtered through Miracloth and the filtrate was centrifuged at 30,000g for 15 min (0°C). Supernatants were incubated at 100°C for 4 min to denature proteins, and centrifuged as described above. One milliliter of reaction mixture contained 200 L thylakoid suspension, 0.2 mm NADPH, 0.6 mm 5,5Ј-dithio-bis(2-nitrobenzoic acid; DTNB), and 50 units of glutathione reductase. The reagents were used as stock solutions in a buffer containing 125 mm Na-phosphate and 6.3 mm Na-EDTA, pH 7.5 (Griffith, 1980) . The reduction of DTNB was followed at 412 nm for 2 min at 30°C. For measuring the amount of GSSG in the supernatant, the GSH of the sample was derivatized by adding 2 m 2-vinylpyridine 100 L Ϫ1 supernatant and mixing them vigorously for 1 min (Griffith, 1980) . The reduction rate of DTNB was measured after 20 and 40 min as in the total glutathione assay. Total glutathione and GSSG were quantified by comparing with the standard curves done with the purified reduced and oxidized forms of glutathione (Sigma, St. Louis). The amount of GSH was calculated by subtracting the amount of GSSG from the total glutathione.
APX Activity
Three leaf discs were homogenized in liquid nitrogen. The leaf powder was further homogenized in 3 mL of buffer consisting of 0.1 m Tricine-KOH (pH 8.0), 1 mm dithiothreitol, 10 mm MgCl 2 , 50 mm KCl, 1 mm EDTA, and 0.1% (w/v) Triton X-100 (Foyer et al., 1989) , and was filtered through Miracloth. Activity of APX was measured at 265 nm by following the decrease in absorbance in reaction buffer containing the leaf extract, 0.1 m HEPES-KOH (pH 7.8), 125 m ascorbic acid, 0.1 mm H 2 O 2 , and 1 mm EDTA.
SOD Activity
Six leaf discs were homogenized in liquid nitrogen. Six milliliters of buffer (0.1 m HEPES-KOH, pH 7.8, and 1 mm EDTA) was added, and the sample was thawed and filtered through Miracloth. The increase of A 560 was monitored in 1 mL of reaction mixture containing 50 mm HEPES-KOH, pH 7.8, 0.5 mm EDTA, 0.5 mm nitroblue tetrazolium, 4 mm xanthine, 0. 
GR Activity
Three leaf discs were homogenized in liquid nitrogen and in 3 mL of extraction buffer containing 150 mm HEPES-KOH (pH 8.0), 1.0 mm EDTA, and 0.1% (w/v) Triton X-100. The homogenized extract was filtered trough Miracloth and was centrifuged at 12,000g for 5 min. Activity of GR was determined as in Foyer et al. (1995) in a reaction buffer containing 50 mm HEPES-KOH, pH 8.0, 1.0 mm EDTA, 0.1 mm NADPH, and 1.0 mm GSSG by following the oxidation of NADPH at 340 nm.
Thiobarbituric Acid Reactive Substances
The thiobarbituric acid reactive substances were determined by a procedure based on the method of Heath and Packer (1968) . Three hundred microliters of thylakoid suspension containing 600 g of protein was homogenized by vortexing in 0.5 mL of 10% (w/v) trichloric acid, 0.5 mL of 0.6% (w/v) thiobarbituric acid, and 1.5 mL of 1% (v/v) H 3 PO 4 . The thylakoid extracts were incubated for 30 min at 95°C, chilled on ice, and centrifuged at 4,000g for 10 min (at 4°C). The MDA standards (0.25-7.5 g of 1, 1, 3, 3-tetraethoxypropane adjusted to final volume of 200 L with distilled water) were treated as the thylakoid samples, and MDA was quantified from the supernatants of the thylakoid samples by 535-nm absorbance. The A 535 was measured from the thylakoid supernatants and MDA standards. Unspecific absorption at 600 nm was subtracted from the 535 nm values.
Electron Microscopy
Leaf sections (1 ϫ 1 mm) were cut, fixed in glutaraldehyde (5% [w/v] in 100 mm sodium phosphate buffer, pH 7.5), postfixed in 3% (w/v) glutaraldehyde (dissolved in 100 mm sodium phosphate buffer, pH 7.0), and 1% (w/v) osmium tetroxide (dissolved in 100 mm sodium phosphate buffer, pH 7.0) for 3 h. The samples were dehydrated in a graded ethanol series, and washed with propyleneoxide. The samples were then embedded in propylene oxide:epon (1:1; v/v) overnight and were finally embedded in epon for 4 to 6 h. Ultrathin sections were cut with a microtome (Reichert Jung, Ultracut E.; Reichert Optische Werke, Wien, Austria) and placed on Cu grids. The sections were stained with uranyl acetate (40 min at 40°C) and lead citrate (5 min at 20°C) corresponding to the ready-made commercial products Ultrostain 1 and 2, respectively (Leica, Wetzlar, Germany), and were examined with electron microscopy (10-SX; JEOL, Tokyo).
Oxyblot of Thylakoid Proteins
The samples for detection of protein oxidation were prepared according to the protocol of the Oxyblot protein oxidation detection kit (Intergen, Purchase, NY). The separation of proteins, immunoblotting, and visualizing of the oxidized proteins were done as described in Pätsikkä et al. (2001) .
Determination of Cu and Fe Concentration in Leaves and Isolated Chloroplasts
The analysis of Cu and Fe concentration of the leaves was done with a plasma emission spectrophotometer (ICP-AES; Applied Research Laboratories, Lausanne, Switzerland). For the measurement of the Cu concentration of the chloroplast compartment, intact chloroplasts were prepared as in Zhang et al. (1999) . Isolated chloroplasts were dried to pellets containing 1 mg of Chl as described by Š eršen et al. (1997) , and their Cu concentration was measured by x-ray radionuclide fluorescence analysis according to Havránek et al. (1989) .
Protein Assay, Chl Determination, and Estimation of Chl:PSII Ratio
Protein contents were determined as described by Bradford (1976) using immunoglobulin G as a protein standard. Chl concentration was measured from thylakoid samples according to Porra et al. (1989) or from leaf discs according to Inskeep and Bloom (1985) . The Chl:PSII ratio of control leaves was assumed to be 440, and the PSII:PSI ratio does not change due to the Cu treatments (Pätsikkä et al., 1998) . The Chl:PSII ratio of Cu-treated plants was then calculated to be 392 by assuming that the Cu-induced increase in the Chl a:b ratio is caused by loss of light-harvesting complex II with Chl a:b ratio of 1.
Fluorescence Quenching Analysis
Fluorescence quenching of the dark-adapted bean leaves was measured with a fluorometer (PAM 101; Heinz Walz, Effeltrich, Germany) using the saturating pulse method. After a 30-min dark adaptation, F 0 was induced by illuminating the leaf for 3 s with weak modulated measuring beam, after which a saturating light pulse (5,000 mol m Ϫ2 s Ϫ1 white light, applied for 2 s) was given to induce the F max . The leaf was then allowed to adapt to seven successive irradiance levels (5-min illumination at 20-2,000 mol m Ϫ2 s Ϫ1 at 20°C). At the end of each adaptation period, a saturating pulse was first fired to measure FЈ max , and then the leaf was illuminated for 50 s with far-red light to measure FЈ 0 . The q N and q Q parameters were calculated with the FIP fluorescence software (Q A Data, Turku, Finland) according to van Kooten and Snel (1990) and NPQ as defined by Bilger and Bjö rkman (1991) .
